We report the cloning and characterization of a tumor-associated carbonic anhydrase (CA) that was identified in a human renal cell carcinoma (RCC) by serological expression screening with autologous antibodies. The cDNA sequence predicts a 354-amino acid polypeptide with a molecular mass of 39,448 Da that has features of a type I membrane protein. The predicted sequence includes a 29-amino acid signal sequence, a 261-amino acid CA domain, an additional short extracellular segment, a 26-amino acid hydrophobic transmembrane domain, and a hydrophilic Cterminal cytoplasmic tail of 29 amino acids that contains two potential phosphorylation sites. The extracellular CA domain shows 30-42% homology with known human CAs, contains all three Zn-binding histidine residues found in active CAs, and contains two potential sites for asparagine glycosylation. When expressed in COS cells, the cDNA produced a 43-to 44-kDa protein in membranes that had around one-sixth the CA activity of membranes from COS cells transfected with the same vector expressing bovine CA IV. We have designated this human protein CA XII. Northern blot analysis of normal tissues demonstrated a 4.5-kb transcript only in kidney and intestine. However, in 10% of patients with RCC, the CA XII transcript was expressed at much higher levels in the RCC than in surrounding normal kidney tissue. The CA XII gene was mapped by using f luorescence in situ hybridization to 15q22. CA XII is the second catalytically active membrane CA reported to be overexpressed in certain cancers. Its relationship to oncogenesis and its potential as a clinically useful tumor marker clearly merit further investigation.
The growing carbonic anhydrase (CA) gene family includes nine enzymatically active CAs and three acatalytic CA-related proteins (CA-RPs). The active CAs catalyze the reversible hydration of CO 2 in the reaction CO 2 ϩ H 2 O^HCO 3 Ϫ ϩ H ϩ (1-4). The CA isozymes differ in their kinetic properties, their tissue distribution and subcellular localization, and their susceptibility to various inhibitors. They play important roles in diverse physiological processes including respiration, bone resorption, renal acidification, gluconeogenesis, signal transduction, and formation of cerebrospinal fluid and gastric acid (1) (2) (3) (4) (5) . The CA-RPs are membrane proteins that contain a CA domain, but have amino acid substitutions in one or more of the three Zn-binding histidine residues in the active site of catalytic CAs (6) . Although the CA-RPs are acatalytic in terms of CA activity, they show much higher sequence identity between mouse and human than the catalytic CAs, suggesting that each of them has an important function, nonetheless. An association of a CA domain with cancer was provided by the discovery that a complete, acatalytic CA domain forms the ligand-binding domain for each of two members of the receptor protein tyrosine kinase phosphatase (RPTP) family (RPTP␤ and RPTP␥), one of which (RPTP␥) has been suggested to be a tumor suppressor gene (7, 8) . More recently, a tumor-associated marker protein called MN, which was initially cloned from HeLa cells (9, 10) , was found to contain a complete CA domain in the middle of its large extracellular segment and to have CA activity when the recombinant protein was expressed (11) . The MN protein, which has since been renamed CA IX, was found to be expressed in tumors of several tissues in which it is not expressed normally (12) and also expressed in normal stomach (13) and proliferative enterocytes of the gut (14) . Further evidence that CA IX is related to oncogenesis was provided by the observations that its expression in NIH 3T3 cells led to loss of contact inhibition, a shorter doubling time, a decreased dependence on serum growth factors, and loss of anchorage dependence as evidenced by ability to grow in soft agar (10) . We have discovered still another catalytically active CA associated with human cancers. A transcript was identified in mRNA from a human renal cell cancer (RCC) that turned out to encode a human membrane CA that was overexpressed in the clear cell RCC. In this report, we present the identification, cloning, and characterization of this CA, which we have designated CA XII
MATERIALS AND METHODS
Sera and Tissues. The study has been approved by the local ethical review board (Ethikkommission der Ä rztekammer des Saarlandes). Recombinant DNA work was done with the official permission and according to the rules of the state government of Saarland. Sera and tumor tissues were obtained during routine diagnostic or therapeutic procedures. Sera were stored at Ϫ80°C until use. Normal tissues were collected from autopsies of tumor-free patients.
Construction of cDNA Expression Libraries. The construction of the RCC cDNA expression library has been described elsewhere (15) . In brief, a cDNA expression library resulting in 1 ϫ 10 6 primary clones was established by directionally cloning cDNA derived from the RCC of a 69-year-old woman with an RCC of clear cell type into the EcoRI-and XhoIdigested ZAPII phage (Stratagene).
Immunoscreening of Transfectants. The immunoscreening for the detection of clones reactive with IgG antibodies in the 1:100-diluted autologous serum was described (15) . Briefly, after transfection for primary screening and plaque transfer onto nitrocellulose membranes (Sartorius) and blocking with 5% (wt͞vol) low fat milk Tris-buffered saline (Glücksklee, Nestlé, Vevey, Switzerland), nitrocellulose membranes were incubated overnight in 1:300-diluted autologous patient's serum extensively preabsorbed against Escherichia coli proteins. An alkaline phosphatase-conjugated antibody specific for human IgG (Dianova, Hamburg, Germany) was used to visualize reactive clones.
Sequence and Structure Analysis of Identified Antigens. Clones reactive with high-titer IgG antibodies were subcloned and submitted to in vivo excision (18) of pBluescriptphagemides (19) . The nucleotide sequence of cDNA inserts was determined by using a Sequenase 2.0 kit (United States Biochemical). Initial sequencing was performed according to the manufacturer's instructions using vector-specific reverse and universal primers. Subsequent sequencing was carried out with internal oligonucleotides. Sequence alignments were performed with DNASIS (Pharmacia Biotech) and BLAST (20) software and on EMBL (21), GenBank (22) , PROSITE (23) , and TMpred (24) databases.
Cloning of Full-Length Transcript by Rapid Amplification of cDNA Ends. The unknown 5Ј end of the partial primary clone was cloned by using a modified rapid amplification of cDNA ends (25) protocol and adapter ligated cDNA synthesized from the original tissue mRNA. The products obtained after two subsequent rounds of PCR by using adapter-specific and HOM-3.1.3 specific oligonucleotides (3.1.3-RCI 5Ј-TGG TCC CAA GAC AAG GAG GCA CCC AGC-3Ј, 3.1.3-RC2 5Ј-ATG TTT GCA GAT TGA GCT ACA GAG AAC-3Ј) were separated on agarose gels. DNA bands were excised and cloned into the TA cloning vector (Invitrogen).
Northern Blot Analysis. Northern blot analyses were performed with RNA extracted from tumors and normal tissues using guanidinium thiocyanate (26) . RNA integrity was checked by electrophoresis in formalin͞4-morpholinepropanesulfonic acid gels. Gels containing 10 g of RNA per lane were blotted onto nylon membranes (Hybond N, Amersham). After prehybridization, the membranes were incubated with the specific CA XII cDNA probe overnight at 65°C in Express Hyb solution (CLONTECH). A nick-translated 32 P-labeled 754-bp fragment amplified from the 5Ј end (sense 5Ј-CGC GAA GAT GCC CCG GCG CAG CCT-3Ј; antisense 5Ј-CTG CTC CTG GGA AAT TTC CAC GGG GTT-3Ј) was used as a probe. The membranes were then washed at progressively higher stringency, with the final wash in 1ϫ standard saline citrate (SSC; 1[times SSC ϭ 0.15 M sodium chloride͞0.015 M sodium citrate, pH 7) and 0.2% SDS at 65°C. Autoradiography was conducted at Ϫ70°C using Kodak X-Omat-AR film and intensifying screen. The size of the full-length mRNA was approximated by comparison with the mobilities of 28S and 16S ribosomal RNA. After exposure the filters were stripped and rehybridized with a glyceraldehyde-3-phosphate dehydrogenase probe.
Reverse Transcription-PCR. Total cellular RNA from a panel of normal tissues was primed with a (dT) 18 oligonucleotide and reverse transcribed with Superscript RT (GIBCO). The CA XII transcript was amplified by using sequencespecific primers comprising an 806-bp 3Ј fragment (sense 5Ј-GGA CAA ATG GGG ACA GGA AGG ATC AAG-3Ј; antisense 5Ј-GAG GAC ATT TCA TGC TGA CAA AAT GAG-3Ј).
Cloning of CA XII from Normal Kidney Tissues. First strand cDNA was synthesized from 10 g total RNA from normal kidney tissue by using a (dT) 18 oligonucleotide and Superscript reverse transcriptase (GIBCO). Amplification of CA XII cDNA was performed by using the transcript-specific oligonucleotides comprising the entire ORF and a large part of the 3Ј untranslated region (sense 5Ј-CGC GAA GAT GCC CCG GCG CAG CCT-3Ј; antisense 5Ј-GAG GAC ATT TCA TGC TGA CAA AAT GAG-3Ј). PCR was performed for 35 cycles with Taq polymerase (Goldstar, Eurogentec, Brussels) with an annealing temperature of 68°C. The resulting 2,492-bp product was cloned into TA cloning vector (Invitrogen) and was sequenced using plasmid-and transcript-specific oligonucleotides. The sequence was aligned and compared with the tumor-derived full-length transcript using DNASIS software.
Screening of Allogenic Sera on Identified Specific Phage Clones. Phage assay with allogenic sera has been described (15) . Positive phages found to be reactive with the patient's serum were plaque purified, mixed with nonrecombinant phages as an internal negative control, and tested with allogenic sera from other patients and healthy controls extensively preabsorbed against E. coli antibodies.
Fluorescence in Situ Hybridization. Metaphase spreads were prepared from peripheral blood of normal healthy donors by standard procedures (27) . A fragment representing fulllength CA XII was labeled by nick translation with Bio-16-dUTP according to the manufacturer's instructions (BRL). Labeled DNA (2 ng) was precipitated together with 20 g of human placenta DNA as competitor and dissolved in 5 l of hybridization buffer (50% deionized formamide͞2ϫ SSC͞50 mM sodium phosphate, pH 7.0͞10% dextran sulfate). Hybridization conditions and detection were as described (28) .
Production of Histidine-Tagged CA XII for Immunization and Production of Polyclonal Rabbit Antiserum. 5Ј truncated CA XII cDNA was amplified with proofreading Pfu DNA polymerase (Stratagene) by using RNA from patient's RCC and oligonucleotides from each end of the ORF (sense 5Ј-GGT TCC AAG TGG ACT TAT TTT GGT CCT-3Ј; antisense 5Ј-GGG ACC TCA AGC GTG GGC CTC AGT CTC-3Ј). The product was gel purified and ligated in frame to SmaI-digested, dephosphorylated and gel-purified pQE32 vector (Qiagen, Chatsworth, CA) to produce a fusion protein bearing an N-terminal 6-histidine tag. The construct was transformed into E. coli strain SG13009 (pREP4) and selected on kanamycin͞ampicillin-containing plates. Individual colonies were picked and the fusion protein was expressed by induction with 2 mM isopropyl thiogalactoside and purified over Ni-nitrilotriacetate columns. A clone expressing a protein of the expected length was used for large-scale production after sequence verification. Cells were harvested 5 hr after induction, lysed in buffer A (8 M urea͞100 mM Na 2 PO 4 ͞10 mM Tris⅐HCl, pH 8.0͞0.01% Triton X-100) overnight. Debris was spun down and supernatant was loaded onto preequilibrated Ni-nitrilotriacetate resin, washed with 2 vol of buffer A (pH 8.0) and 10 vol of buffer A (pH 6.3), and eluted with 250 mM imidazole in buffer A. Polyclonal rabbit antisera were obtained from a custom antibody service (Eurogentec) after four immunizations with 100 g of purified histidine-tagged fusion protein. Sera before and after immunization were tested by Western blot analysis for reactivity with the fusion protein.
Expression of CA XII cDNA in COS Cells. The 1,292-bp 5Ј fragment produced by HindIII, R 1 digestion of a full-length clone was subcloned into the eukaryotic expression vector pCXN at the blunt-ended XhoI cloning site (29) . COS-7 cells were transfected by the DEAE dextran method (30) . After 72 hr, cells were scraped from the 60-mm dishes, washed, sedimented, and sonicated (twice for 20 sec each) in 25 mM Tris⅐H 2 SO 4 , pH 7.5 ϩ 1 mM each of benzamidine, ophenanthroline, and phenylmethylsulfonyl fluoride. The crude extract (200 g of protein) was analyzed for CA activity as described (31, 32) in the presence and absence of 1 M acetazolamide. For Western blot analysis, 20 g of cell extract protein was resolved by SDS͞PAGE (33) and the expressed protein was identified with polyclonal antibody to CA XII as first antibody, peroxidase-conjugated goat anti-rabbit IgG (Sigma) as second antibody, and the enhanced chemiluminescence reagent (Amersham). For deglycosylation, an equivalent amount of extract protein (20 g) was treated with 100 milliunits of endoglycosidase (PNGase F) before SDS͞PAGE and Western blot analysis (34) .
RESULTS
Isolation of a Partial cDNA Clone and Full-Length Cloning of Human CA XII. We screened 1.8 ϫ 10 6 recombinant phage from a cDNA expression library prepared from mRNA isolated from a clear cell type RCC by using autologous serum from the RCC patient. Seven clones representing five different transcripts were identified. When these clones were used to probe Northern blots, one clone (HOM-RCC-3.1.3) was found to hybridize with a 4.5-kb transcript that appeared to be overexpressed in the RCC compared with the surrounding normal tissue (15, 17) . Sequence analysis of this 1,670-bp clone identified a short coding sequence without an obvious translation start site. The 5Ј end of this partial transcript was cloned by the rapid amplification of cDNA ends technique (25) in a 1,032-bp fragment. Alignment and connection of the two clones yielded a cDNA encoding 7 bp of 5Ј untranslated sequence preceding a classical initiation codon (35) followed by a 1,062-bp ORF and 1,584 bp of 3Ј untranslated sequence.
Nucleotide Sequence, Deduced Amino Acid Sequence, and Alignment of CA XII with Other Human CAs. The ORF predicts a polypeptide sequence of 354 amino acids with a predicted mass of 39,448 Da that has features of a type I membrane protein. Database searches showed overall homologies to conserved regions of human CAs and CA-RPs of 30 to 42%. In accordance with the convention of naming CAs and CA-RPs in the order of their discovery, we designated this protein CA XII. Fig. 1 presents the predicted amino acid sequence of CA XII aligned below the sequences of human CAs I-VII and IX. The N-terminal extension of 29 amino acids fulfills the criteria for a signal sequence preceding the predicted cleavage between Gly-1 and Ser-1 (36, 37) . A 261-amino acid CA-homology domain follows that contains most of the amino acid residues conserved among the active CAs (1). These are indicated by the boxes. The numbering above the aligned sequences indicates the amino acid number of the residues in CA I. The CA XII sequence contains all three Zn-binding histidine residues (His-94, His-96, and His-119) that are present in the active sites of catalytically active CAs (1, 38) . Note also that His-64 is conserved. His-64 has been shown to contribute to the efficiency of high-activity CAs by serving as a proton shuttle between the Zn-bound water molecule and surrounding buffer molecules (39) (40) (41) . The extracellular domain contains two potential sites for asparagine glycosylation and four cysteine residues, two of which are near positions of two cysteines in CA IV and CA VI that form an important disulfide bond that stabilizes the structure of each of these two CAs (42) . Hydropathy plots indicate a 26-amino acid hydrophobic segment (underlined in Fig. 1 ) that presumably serves as a transmembrane domain, that is followed by a 29-amino acid hydrophilic cytoplasmic C terminus that contains two potential sites for phosphorylation.
Expression of CA XII Immunoreactivity and Catalytic Activity in COS Cells. To characterize the protein expressed from the CA XII cDNA, we subcloned the coding sequence into a eukaryotic expression vector and measured the immunoreactivity and catalytic activity of the expressed protein in extracts of transfected COS cells. Fig. 2 shows the Western blot of untreated and PNGase F-treated extracts. A 43-to 44-kDa doublet was identified in the CA XII transfected COS cells by the polyclonal antibody to CA XII that collapsed to a single band at Ϸ39 kDa after PNGase F treatment, consistent with removal of two oligosaccharide chains. Table 1 presents results of measurements of CA activity in the extracts of COS cells infected with vectors expressing CA XII, CA IV, and vector only. The extract of CA XII transfected cells had Ϸ16% the activity of the extract from cells transfected with bovine CA IV, which is one of the highest activity isozymes. Both CA XII and CA IV activities were sensitive to inhibition by acetazolamide. All of the immunoreactive CA XII sedimented with membranes when the extract was centrifuged at 50,000 ϫ g for 30 min (unpublished observations). Although purification of CA XII will be required to compare its kinetic properties with those of other CAs, it is clear from the above results that expressed recombinant CA XII has appreciable catalytic activity.
Tissue Expression Studies by Reverse Transcription-PCR and Northern Analysis. Reverse transcription-PCR with CA XII-specific primers detected this transcript in RNA from many normal tissues (lung, liver, colon, stomach, skeletal muscle, skin, kidney, spleen, tonsil, lymph node, peripheral blood lymphocytes, activated peripheral blood lymphocytes, bladder, breast, uterus, ovary, brain, prostate, and skin) as well as in a panel of different human neoplasms (RCC, colorectal cancer, lung cancer, and breast cancer). However, on Northern blots of RNA from normal tissues, the Ϸ4.5-kb transcript was detectable only in RNA from kidney, colon, and phorbol 12-myristate 13-acetate-activated peripheral blood lymphocytes (Fig. 3) . Analysis of RNA from RCC tumor tissues demonstrated that CA XII is overexpressed (as compared with the corresponding normal renal tissue) in 10% of renal carcinomas of clear cell type as was the case in the tumor of the RCC patient from whose cDNA library the CA XII cDNA was cloned (15) (16) (17) .
Chromosomal Localization. Fluorescence in situ hybridization was performed to localize the gene for human CA XII. Several independent hybridizations revealed a strong signal on the long arm of chromosome 15, namely at 15q22 (Fig. 4) . No hybridization signal was seen on chromosomes 1, 8, 16, or 17 where other CAs have been localized (1) .
CA XII Is Not Mutated in RCC. To exclude mutations of the tumor-derived CA XII transcript as a reason for immunogenicity in the autologous patient, we cloned the normal counterpart cDNA from normal human kidney by reverse transcription-PCR amplification of the entire transcript. Sequencing revealed no differences from the tumor-derived cDNA, ruling out mutational alterations as a mechanism for the initiation of the humoral immune response in the patient.
Incidence of Anti-CA XII Antibodies in Human Sera. Other human sera were tested in the above described phage assay for antibodies to CA XII. Four of 30 RCC patients and 1 of 30 normal controls showed antibodies against the CA XII phage clone, whereas none of 11 astrocytoma patients and none of 17 patients suffering from Hodgkin's disease had any serum response.
DISCUSSION
Two other active CAs are membrane proteins like CA XII. CA IV, the first membrane isozyme described, is a glycosylphosphatidylinositol-anchored protein expressed on the apical surface of epithelial cells in colon (43) , kidney (44), male genitourinary tract (45, 46) , and on the plasma face of endothelial cells of several capillary beds, including the pulmonary microvasculature (47) . CA IV facilitates the reversible hydration of CO 2 at sites where CO 2 and HCO 3 Ϫ flux across membranes needs to be very rapid. The second membrane CA described is CA IX, which, like CA XII, was discovered as a tumor-associated CA and has recently been found to be expressed in many RCCs of clear cell type (48) . The CA domain is in the middle of the multidomain CA IX that has been reported to have transforming potential and to be overexpressed in tumors of tissues in which it is not normally expressed (10, 12, 48) . N-terminal to the CA domain is a highly acidic (44%) proteoglycan-related domain (59 residues) that shows 37% sequence identity to the keratan sulfate attachment domain of the human cartilage aggregation proteoglycan, aggrecan (49) . Whether the CA activity in CA IX is required for its transforming potential, or the CA domain might function in a ligand-binding role analogous to the acatalytic domain in RPTP␤ and RPTP␥ (7, 8, 50 ), remains to be established.
The evidence that CA XII is expressed in human cancers comes from several independent sources. While this work was in progress, we became aware of U.S. patent number 5,589,579, in which the inventors R. M. Torczynski and A. P. Bollon claim the DNA sequence and protein it encodes to be novel and specific for human lung cancer cells (51) . The patent summarized Northern blot data showing expression in normal pan- creas and kidney, and 50-fold more expression in the lung carcinoma cell line A549. The fact that overexpression of CA XII was seen in 10% of RCC of clear cell type provides further evidence that overexpression of CA XII is cancer-related, even if not limited to lung cancers. Although we also found low levels of expression detectable by PCR in many other tissues, the appropriate transcript on Northern blots was only seen in RNA from kidney, intestine, and phorbol myristate acetateactivated peripheral blood lymphocytes.
After this work was completed, we learned of a nearly identical sequence entered in GenBank by S. V. Ivanov, I. Kuzmin, M. H. Wei, S. Pack, L. Geil, E. Stanbridge, and M.I. Lerman entitled ''A new family member, CA 12, of ␣-carbonic anhydrases is downregulated by the VHL gene'' (GenBank accession no. AF037335). This sequence contains 108 additional base pairs of 5Ј untranslated region. Regulation of CA XII expression by the VHL tumor suppressor gene could explain why we found CA XII overexpressed in RCCs, because inactivation of both copies of the VHL gene is reported to be an early event in development of clear-cell carcinomas (52) .
The CA XII cDNA reported here was detected by an IgG antibody in the serum of the cancer patient (15) (16) (17) . Serum antibodies to CA I and CA II, both rather widely expressed cytoplasmic CAs, have been described in humans with different autoimmune diseases like Sjögren syndrome, immune cholangiopathies, scleroderma, and systemic lupus erythematosus (20, (53) (54) (55) (56) . However, serum antibodies to CAs in tumor patients have not been investigated. In preliminary studies, we found 4 of 30 RCC patients to have high-titer antibodies against CA XII. As has been reported for autoantibodies to other CAs (54, 56, 57), we also detected antibodies to CA XII in 1 of 30 apparently healthy controls tested. The significance of this finding is not yet clear.
Antibodies to a protein in cancer patients might result from a response to a new epitope created by mutational alteration of the protein, such as in mutant p53 or mutant ras (58, 59) . However, we established by sequencing that the CA XII cDNA in the RCC of our patient was identical to the cDNA derived from normal kidney. Thus, other mechanisms must be operative in this patient. It is known that overexpression itself may initiate immune responses to structurally normal proteins, as   FIG. 4 . Chromosome localization of CA XII. Fluorescence in situ hybridization with full-length CA XII showed signal on chromosome 15q22. has been reported for HER-2͞neu (60) . Possibly, overexpression of the CA XII protein in the RCC of our patients led to the immune responses. An important question to be resolved by extending these studies is whether the autoantibodies to CA XII will be useful markers in screening (or following progression in) patients with RCC and other cancers.
The finding of a second membrane CA associated with human cancer raises another interesting question: Is overexpression of these membrane CAs simply a byproduct of malignant transformation, or do the membrane CAs actually contribute to malignant transformation and͞or tumor progression? Conceivably, CA IX and CA XII (both of which are expressed in RCCs) could contribute a ligand-binding domain that is involved in transformation. Alternatively, the transformation might be enhanced by the presence of CA activity at the membrane of highly proliferating cells. If the CA activity at the membrane itself played a role in transformation, it would raise the possibility that isozyme-specific CA inhibitors might be developed that would diminish or abrogate the transforming potential of the membrane CAs.
